Evidence for the Interaction of Endophilin 3 with the SK3 Channels in PC12 Cells  by Janbein, Malika & Grissmer, Stephan
748a Wednesday, February 19, 2014phospholipid (PL(-)) is required to generate high PIP2 sensitivity of Kir2 chan-
nel gating, but the PL(-) binding site and mechanism are yet to be elucidated.
We used docking simulations to identify a putative PL(-) binding site, adjacent
to the PIP2 binding site, generated by two lysine residues from neighboring
subunits. When either lysine is mutated to cysteine (K64C, K219C), channel
activity is significantly decreased in cell membranes and in reconstituted lipo-
somes. By directly tethering the residue to the membrane, modification of the
K64C mutant with decyl MTS generates high PIP2 sensitivity in liposomes,
even in the complete absence of PL(-)s. The results provide a coherent molec-
ular mechanism for the secondary anionic lipid requirement of Kir2 channel ac-
tivity: PL(-) interaction with a discrete binding site results in a conformational
change that pulls the cytosolic Kir domain closer to the membrane, thereby sta-
bilizing the high-affinity PIP2 activatory site.
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Ion channels are gated by a multitude of electrical, chemical and mechanical
stimuli, and thereby play key roles inmany physiological processes. Static crystal
structures and dynamic electrophysiological studies have generated invaluable
molecular insights into channel gating, but the time trajectory of conformational
changes has been unattainable. KirBac1.1 is a model for one of the three main K
channel families. In the present study, we have successfully (1) labeled purified
tetrameric protein molecules with single FRET donor and acceptor fluorophore
pairs at specific locations; (2) functionally reconstituted the proteins into lipo-
somes; (3) examined the dynamics of channel structure in liposomes with single
molecule FRET techniques. Our results indicate that the amphipathic ’slide heli-
ces’ of KirBac1.1 that surround the channel gate immediately below the mem-
brane, move toward each other to narrow the pore in the presence of PIP2,
which closes the channel; the cytoplasmic domain resides at twomajor structural
states, but demonstrates an overall shift away from the pore axis upon PIP2 inhi-
bition; the extracellular loop of KirBac1.1, adjacent to the selectivity filter, is
structurally rigid and does not move during PIP2 gating. Both slide helix and
cytoplasmic domain structures become less dynamic when the channel is in-
hibited by PIP2, which implies that PIP2 acts as a ’lock’ to confine the structural
fluctuations of the channel protein.We further probed the relative motions of the
KirBac1.1 transmembrane domain versus the cytoplasmic domain. The results
indicate that the entire cytoplasmic domainmoves away from the transmembrane
domain during PIP2 inhibition, which may result from a rigid body motion
coupled toTM2bending. In summary, we provide direct observations of dynamic
structures of an ion channel within a lipid membrane environment, revealing dy-
namic structural rearrangements KirBac1.1 upon PIP2 inhibition.
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Thiazolidinediones (TZDs) are antidiabetics drugs (agonists of the nuclear re-
ceptor PPARg) used during the last ten years for the treatment of type II dia-
betes. Unfortunately, their use can induce fluid retention and is also
associated with the formation of kidney oedema. Recent studies have suggested
the implication of the epithelial sodium channel expressed in the renal collect-
ing duct for these adverse side effects. Indeed, the PPARg stimulation by TZDs
activate epithelial sodium channel probably by inducing the expression and the
activation of SGK1 (Serum and Glucocorticoid-regulated Kinase 1). It is well
known that the sodium and potassium transport are tightly linked at the kidney
level. Our objective is to determine if the TZD rosiglitazone (RGZ) is directly
implicated into the regulation of the potassium transpport. To do so, we per-
formed two electrode voltage clamp studies (TEVC) in Xenopus laevis oocytes
expressing PPARg receptor, wild type (wt) and mutant ROMK channels. We
have shown that a 48h treatment with 10 mM RGZ produced a 2-fold increase
of wt ROMK activity. This activation is blocked by GW9662, a PPARg antag-
onist. We have also shown the implication of SGK1 into the regulation of
ROMK channels by using an inhibitor of SGK1, SGK650394 and by mutating
the phosphorylation site of SGK1 on ROMK (ROMK-S44A). Finally, immuno-
fluorescence experiments have shown the recruitment of ROMK at the cell’s
membrane of the oocytes treated with RGZ. All the results suggest that RGZ
increase the potassium current generated by ROMK by increasing the expres-
sion of SGK1 and promoting the recruitment of ROMK to the cell’s membrane.3784-Pos Board B512
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Two pore domain potassium (K2P) channels are responsible for background
currents that regulate neuronal membrane potential and excitability. It has
been shown that TREK1 K2P channels are implicated in pain and can be acti-
vated by flufenamic acid (FFA). The aim of this study was to investigate the
mechanism of FFA on TREK1 channels.
tsA201cellswere transiently transfectedwithwild typeandmutatedTREK1chan-
nels. The whole cell patch clamp technique was used to obtain current recordings.
Homology models for TREK1 channels were constructed using Modeller 9v8.
FFA (100mM) activated TREK1 channels by 207 5 50% (n=7). From the
model of TREK1, it was predicted that the inner helix residues (A286 and
G171) face the ion conductance pathway of TREK1 pore near its intracellular
terminus. Mutating A286 and G171 to a bulky F residue, significantly reduced
the TREK1 current (WT: 533 5 87pA, (n=7); A286F: 54 5 5pA (n=8);
G171F: 112 5 19pA (n=17)). However, FFA (100mM) recovered these
reduced currents. TREK1 A286F current was enhanced by 823 5 275%
(n=9); and TREK1 G171F by 5235 181% (n=7). Consequently, it was hypoth-
esised that FFA induces a counter-clockwise helical rotation that removes the
bulky F side chain from the ion pathway. Accordingly, A287 may move to
occupy the A286 pore position. Consistent with this hypothesis, the A287F mu-
tation abolished the FFA effect on TREK1 (enhancement: 7 5 8%, n=8).
Moreover, although, increasing pHext to 8.4 enhanced TREK1 current by 49
5 6% (n=7), it did not substantially recover the reduced TREK1 A286F current
(enhancement: 875 13%, n=6).
These results indicate that FFA may induce conformational changes at the
TREK1 inner helix consistent with a counter clockwise helical rotation, which
may contribute to TREK1 gating.
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Introduction: Small-conductance Ca2þ-activated Kþ (SK) channels mediate a
ubiquitous expressed potassium conductance in the brain involved in synaptic
plasticity and learning and memory. SK channel spatial distribution shows a
polarized topographic expression being highly enriched in neuronal dendrites
with limited expression on somatic membranes. However, the mechanism
that controls this spatial distribution is unknown. To investigate themechanisms
that control the spatial distribution of SK channels at the single molecule level
we combine single molecule atomic force microscopy and toxin pharmacology.
Methods and results: AFM tip functionalized with apamin, a SK channel
blocker, is used to detect the distribution of SK channels in living neurons
by measuring the binding forces between apamin and SK channels. Employing
the above technique, we test the effect of PKA on the clustering and dendritic
localization of SK channels. Here, we show that SK2 channel nanoclustering is
under the control of cAMP and PKA activity and demonstrate that SK2 channel
polarized distribution in neurons is dictated by basal PKA activity.
Conclusion:Our work reveals a new level of regulation of SK2 channels by PKA
and also demonstrates for the first time that SK2 spatial distribution is plastic.
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Small conductance calcium-activated (SK) channels play an important role by
controlling the after-hyperpolarization of excitable cells. The level of expres-
sion and density of these channels is an essential factor for controlling different
cellular functions. Several studies showed a co-localization of SK3 channels
and Endophilin 3 in different tissues. Using the yeast two hybrid system and
the GST pull down assay we demonstrated that Endophilin 3 interact with
the N-terminus of SK3 channels. We studied the impact of this interaction
on channel activity by patch clamp measurements in PC12 cells expressing
endogenous SK3 channels. SK3 currents were activated by using pipette solu-
tions containing 1 mM free Ca2þ. Whole-cell measurements of PC12 cells
transfected with SH3GL3 showed a reduction of SK3 specific Csþ-currents.
SK3 currents could be increased with DC-EBIO (30 mM), an SK-channel acti-
vator. These data implicate that Endophilin 3 did not significantly remove SK3
channels from the membrane and that the interaction of Endophilin 3 with SK3
Wednesday, February 19, 2014 749achannels presumably caused a change in the Ca2þ-sensitivity of the channel
which could be overcome by DC-EBIO. This hypothesis needs to be demon-
strated in future calcium imaging experiments.
Supported by a grant from the DFG (Gr848/16-1).
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BK channels consist of the pore-forming, voltage- and Ca2þ-sensing a-subunits
(BKa), either alone or together with the tissue-specific auxiliary b-subunits (b1-
b4) or g-subunits (g1-g4). The newly identified g-subunits are a group of
leucine-rich repeat (LRR)-containing membrane proteins, g1 (LRRC26), g2
(LRRC52), g3 (LRRC55), and g4 (LRRC38), that produce marked and graded
shifts in the BK channel’s voltage dependence of activation in the hyperpolarizing
direction by ~140mV, 100mV, 50mV, and 20mV, respectively, in the absence of
calcium. The g-subunits contain a single transmembrane segment (TM), a short
intracellular C-terminal tail (C-tail), an N-terminal signal peptide, and a relatively
large extracellular LRR domain, which comprises six tandemLRR structural units
(LRRs1-6) and two cysteine-richmodules, LRRNT andLRRCT, capped on theN-
and C-terminal sides. To identify structural determinants of their potent but
differentmodulatory functions,wegenerated a seriesof chimericconstructs among
these four g-subunits by swapping various structural units and analyzed the result-
ing effects on theirmodulatory potencyonBKchannels.We found that: (1) theg3-
andg4-subunits’ relativelyweakerpotencies couldnotbe improvedby substitution
with ag1-subunit signal peptide, suggesting intrinsicallyweakermodulatory capa-
bilities for these two subunits; (2) variation in amino acid sequences of the TM and
C-tail regions determines the g1, g2, and g3-subunits’ differences in modulatory
potency; (3) LRR domain also participates in theg-subunits’modulatory function,
as individual substitution of the g1-subunit’s LRR1, LRR2, LRR3, LRR4, LRR5,
TM, and C-tail regions with those of g4-subunit caused nearly full loss of g1-sub-
unit’s effectiveness whereas replacement of LRRNT, LRR6, and LRRCTwith the
same regions from g4-subunit were well tolerated.
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Docosahexaenoic acid (DHA), a long-chain omega-3 fatty acid with a 22 carbon
chain, directly activates large-conductance calcium- and voltage-gated Slo1 BK
channels with an EC50 = ~500 nM and lowers blood pressure when injected into
anesthetized mice (Hoshi et al. 2013 Proc Natl Acad Sci U S A. 110, 4816-21).
The stimulatory action of DHA is observed in excised patches and reversible,
suggesting that DHA directly interacts with the channel protein. Here we exam-
ined the molecular elements within Slo1 critical for the action of DHA. Unlike
the clear stimulatory effect of DHA on human Slo1 (hSlo1) channels, we found
that Drosophila Slo1 (dSlo1) channels expressed in mammalian cells were not
stimulated byDHA, up to 10 mM. Prompted by this finding, we generated a series
of chimeric dSlo1-hSlo1 channels and identified a single residue in S6 critical for
the stimulatory effect of DHA on hSlo1. With the the human-to-Drosophilamu-
tation Y318S, the current-enhancing effect of DHA on hSlo1, hSlo1þ b1 and
hSlo1þb4 channels was severely impaired. The converse Drosophila-to-human
mutation S332Y, however, failed to introduce sensitivity to DHA in dSlo1. Inter-
estingly, the hSlo1 mutation Y318S altered the hSlo1þb1 channel sensitivity to
22- and 20-carbon omega-3 fatty acids but did not affect the response to alpha-
linolenic acid with a 20-carbon chain or the omega-6 fatty acid arachidonic acid
with a 20-carbon chain. Y318 in hSlo1 S6 is thus a critical determinant of the
channel’s sensitivity to select fatty acids. Supported in part through the NIH,
DFG FOR 1738, and Shanghai Science and Technology Commission.
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BK channels are high conductance Kþ channels that are activated by voltage
and intracellular Ca2þ. Ca2þ binds to sites in the RCK2 and RCK1 domains
of Slo1, the pore-forming subunit of BK channels, to enhance voltage-
dependent gating of the channel. PIP2, a ubiquitous modulator of ion channelactivity, enhances Ca2þ-driven gating of BK channels but a molecular under-
standing of this interplay remains elusive. Here, we report that amino acid res-
idues in the RCK2 calcium bowl that bind Ca2þ do not affect PIP2 sensitivity.
In contrast, the RCK1 Ca2þ coordination site is intimately involved in PIP2
sensitivity. We identified two critical residues within the alphaB helix, K392
and R393, are directly involved in coordinating PIP2. In the absence of
Ca2þ, the alphaB helix interacts with the alphaA helix to decrease the apparent
affinity of the channel to PIP2 and inhibit channel activity. Ca
2þ binding to the
RCK1 site engaging D367 of the KDRDD loop relieves the decrease in PIP2
apparent affinity and channel inhibition. Furthermore, mutation of residues in
the KDRDD loop or the alphaA/alphaB residues that couple this region to
the alphaB PIP2 regulatory site also relieve the decrease in the apparent affinity
for PIP2 and current inhibition in the absence of Ca
2þ. In addition, we show that
the PMA-induced current inhibition also exhibits a dependence on channel-
PIP2 interactions that determine the extent of modulation. Together these re-
sults show that along with Ca2þ and voltage, PIP2 is a critical third factor
providing integral control of BK channel activity.
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Phosphatidylinositol 4,5-bisphosphate (PIP2), a minor acidic phospholipid
found in the inner leaflet of the plasma membrane, plays a major role in cellular
signaling. While it is well documented that PIP2 can regulate the activity of
many ion channels through direct interactions, the affinity of PIP2 is so high
for some channel proteins that its physiological role as a modulator has been
questioned. Here we demonstrate that PIP2 is an essential cofactor for activa-
tion of small-conductance Kþ channels (SK2) by Ca2þ-bound calmodulin
(CaM), with the PIP2-binding site located at the interface of the CaM-SK2
complex near the CaM N-lobe. Because of the high sensitivity of PIP2 for
the channel complex, global PIP2 hydrolysis produces only a small inhibitory
effect on SK2 channel activity. Phosphorylation of CaM, when complexed with
SK, at T79 by Casein Kinase 2 (CK2), mimicked by the T79D mutation in
mammalian cells, is known to inhibit Ca2þ-dependent activation of SK chan-
nels by an unknown mechanism of action. We show that the phosphomimetic
T79D mutation can effectively reduce the PIP2 sensitivity of SK2 channel by
12-fold and confer susceptibility to inhibition by PIP2 hydrolysis. We propose
the converged signaling of CaM phosphorylation and PIP2 hydrolysis as the un-
derlying mechanism for inhibition of SK channels in neurons induced by neu-
rotransmitters, which contributes to the regulation of synaptic plasticity and
thus learning and memory. Additionally we observed that changes of protein
conformation in close proximity to PIP2 binding site by a small molecule,
NS309, can effectively enhance the interaction between the protein and
PIP2, and potentiate channel activity. These results demonstrate the PIP2-
channel interaction as a critical element in both physiological and pharmaco-
logical regulation of SK channel activity.
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Rate adaptation is the physiological shortening of the cardiac action potential
duration as heart rate increases. Rate adaptation protects the diastolic interval
and maintains electrical stability of the cardiac myocyte. Inherited mutations
that decrease the cardiac IKs current predispose patients to arrythmias that
manifest during stress or exercise, suggesting that IKs plays a prominent role
in limiting action potential duration under conditions where heart rate is fast
and beta-adrenergic tone is elevated. Using computational models of IKs, Silva
et al. were able to reproduce rate adaptive behavior. In their model, IKs channel
can occupy readily recruitable- (shallow) or functionally silent- (deep) closed
states at rest. However, the molecular basis of the deep-closed states was un-
known, and it was empirically modeled as an additional, slow voltage-sensor
transition. In a recent study of Kv7.1, the principal subunit of the IKs channel,
we found that binding of the lipid phosphatidylinositol 4,5-bisphosphate (PIP2)
is required to couple voltage-sensor activation to pore-opening. Here we study
the properties of PIP2 interaction with hIKs channels and describe three phe-
nomena: a large reserve of PIP2 unbound channels that exists in biological
membranes, the kinetics of PIP2 binding and unbinding are slow, and the
activated-open state has a much greater apparent affinity for PIP2 compared
